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The nine independent elastic constants of 3.2mm 
thick injection moulded bars of PEEK reinforced with 30 
weight % of carbon fibres, 20 and 30 weight % of glass 
fibres, and PPS reinforced with 30 and 40 weight % of 
carbon and glass fibres were measured by two different 
ultrasonic techniques: immersion and contact methods, and 
the thermal conductivities along the three principal 
directions of these samples were determined by the laser 
flash radiometry method. By using the observed aspect 
ratio lid and the orientation factor A of the fibres, the 
elastic moduli and thermal conductivity were calculated 
according to the laminate theory. Reasonable agreement 
between the theoretical and experimental values was 
obtained for both the elastic moduli and the thermal 
conductivity. 
The elastic moduli and thermal conductivity of the 
composites were found to be dependent on the volume 
fraction v f ' aspect ratio lid and orientation factor A 
of the fibres. All the elastic moduli and thermal 
conductivities increase with increasing v f or 





increase. For carbon fibre reinforced composites, the 
longitudinal tensile moduli E and longitudinal 
1 
thermal 
conductivity K1 rlse faster than linearly with v r · E 1. 
viii 
and K increase almost linearly with lid in the range of 
1 
lid - 10-20, but the rise becomes more gradual at higher 
lid. The fibres are preferentially aligned along the 
mould flow direction, thereby leading to a significant 





1.1 General Background 
Polymers have been increasingly used as structural 
materials because of their light weight, toughness, and 
good chemical resistance. Different kinds of polymers, 
both thermosets and thermoplastics, have been developed 
to provide different sorts of advantages. For example, 
the thermoplastic polyphenylene sulfide (PPS), which has 
good mechanical properties at high temperature and 
. exceptional chemical resistance, was introduced by 
Phillips Chemicals Company In 1968. Another 
thermoplastic poly(ether-ether-ketone) (PEEK) was 
invented in 1978 by Imperial Chemical Industries (ICI). 
This polymer has a glass transition temperature of o 143 C 
and shows an even greater degree of thermal stability. 
Nevertheless, the range of applications of these polymers 
was limited by the fact that their mechanical strength, 
even that of the crystallized materials, was low In 
comparison with that of metals. 
Materials of light weight, hj..gh strength and 
toughness have been sought after in the transportation 
industries, especially the aerospace industry. 
Unfortunately, no single material could provide all these 
1 
properties. Although the compounds formed by 
elements in the midsection of the periodic table, 
silicon dioxide and graphite, 
and resistant to heat and 
are light, strong, 





brittle. A small scratch or internal flaw is enough to 
initiate a fatal crack. Hence, such materials have 
rarely served as structural materials unless they are 1n 
the form of particles or fine fibres. The probability of 
having a flaw large enough to cause brittle failure in a 
sample of these materials goes down as the sample size is 
reduced. Therefore, if the material is in the form of a 
fibre, its effective strength is greatly increased and 
approaches the theoretical value. 
By dispersing such fibres in a matrix of polymer, a 
hybrid material known as polymer-matrix 
obtained. In the composite, the fibres are 
compos i te) 1S 
the pr1mary 
load-carrying elements, whereas the matrix acts as an 
adhesive, binding the fibres, lending solidity to the 
material and protecting the fibres from environmental 
stress and physical damage that could initiate cracks. 
The physical properties of a composite material depend on 
the properties of the fibres and the matrix. Therefore, 
they are adjustable through the choices of the matrix and 
the fibres, the volume fraction of the,fibres, as well as 
the manufacturing process which determines the 
reinforcing geometries of the composite. Injection 
moulding is a fast, cheap and well established method of 
2 
processing short fibre reinforced composites. In the 
moulding process, the fibre filled polymer melt 1S 
injected at high pressure into a cold mould which 1S in 
the shape of the final product and is solidified in it. 
As a result, a three dimensional complex pattern of fibre 
orientation is produced within the composite and this is 
directly related to the magnitude and the anisotropy of 
the physical properties. 
Two important properties many practical 
applications are the elastic modulus and thermal 
conductivity. Although there have been several reports 
of elastic modulus measurements of injection moulded 
- fibre reinforced thermoplastics (Delmonte, 1987; 
Darlington, McGinley and Smith, 1976; Stephensen, Turner 
and Whale, 1979), only a few workers studied the elastic 
anisotropy in great detail (Thomas and Meyer, 1974; 
Christie, Darlington, McCammond and Smith, 1979; Hahn, 
Jernia and Chiou, 1986). This is because a large number 
of independent elastic moduli are required to fully 
characterize an injection moulded sample and some of 
these moduli are difficult to obtain by the conventional 
quasi-static techniques. Even for a sample of relatively 
simple geometry such as an ASTM tensile bar, nine elastic 
moduli are needed for a complete characterization, but 
only the longitudinal tensile modulus is normally 
reported in the literature. The situation is even worse 
for the thermal conductivity. There should be three 
3 
independent thermal conductivities corresponding to heat 
conduction along the three principal directions. 
However, only one thermal conductivity value is given in 
the data brochure provided by the manufacturer and the 
measurement direction is not specified. 
It lS because of the unsatisfactory situation 
described above which leads us to an in-depth studies of 
the elastic moduli and thermal conductivity of injection 
moulded short fibre reinforced thermoplastics. Before 
going any further, we will briefly describe previous 
studies that are relevant to our present work. 
1.2 Previous Studies on Injection Moulded Short Fibre 
Reinforced Composites 
Thomas and Meyer (1974) used an ultrasonic method 
to determine the nine elastic constants of an injection 
moulded bar of poly(butylene terephthalate) reinforced 
with 25% by weight of glass fibres. 





The tensile and shear modulus (or two injection 
moulded composites, 26 weight % glass fibre reinforced 
polypropylene and 20 weight % glass fibre reinforced 
poly(butylene terephthalate), have been determined along 
4 
different directions in the plane of the composite 
plaques (Christie, Darlington, McCammond and Smith). The 
tensile and shear moduli were measured by tensile creep 
and rail shear experiments, respectively. The fibre 
orientation distribution and the fibre length 
distribution were also measured. By using the Cox's 
fibre length correction factor, the elastic properties of 
a unidirectional fibre reinforced thin lamina were first 
calculated and the stiffness of the composite was then 
predicted by applying the laminate theory of Halpin and 
coworkers (Ashton, Halpin and Petit, 1969; Jernia, Halpin 
and Nicolais, 1973) . Good correlation between the 
theoretical and experimental values was obtained. 
In the work of Hahn et al. (1986), the Young's 
moduli of three injection moulded composites (PPS, PEEK 
and PAl, reinforced with 30 weight % of carbon fibres) 
were studied both theoretically and experimentally. The 
stiffnesses C C and C of each composite 
11' 22 33 
were 
measured by using an ultrasonic method. Since the 
complete set of stiffnesses was not measured, the Young's 
moduli had to be calculated by using a theoretical 
modulus-to-stiffness ratio. That is: 
E . (measured) 
\. 
- C .. (measured) [E . le . . ] 
\.\. \. \.\. theoretical 
Based on the observed planar distribution of the 
fibres, the injection moulded bar was considered to be a 
multidirectional laminate consisting of a large number of 
5 
unidirectional plies within each of which the fibres are 
aligned at an angle relative to the axis of the bar. The 
elastic properties of each unidirectional lamina were 
calculated using the approach of micromechanics. The 
elastic moduli of the composite were then obtained 
analytically by summing up the contributions of all the 
laminae. Due to the wide variation of the fibre length, 
the aspect ratio was not determined, but was taken as an 
adjustable parameter. An aspect ratio of 14.5 was found 
to give good agreement between the theoretical and 
experimental Young's moduli. 
1.3 Scope of the Present Work 
In the present work, we have used two different 
ultrasonic techniques to measure the nine independent 
elastic constants of 3.2mm thick injection moulded bars 
of PEEK reinforced with 30 weight % of carbon fibres, 20 
and 30 weight % of glass fibres, and PPS reinforced with 
30 and 40 weight % of carbon and glass fibres. It lS 
expected that the fibres in the surface layer of the bar 
are more highly oriented because of the shearing force of 
the mould surface. To study this effect, the elastic 
moduli of the surface and middle layers (both of 
thickness 0.7mm) were measured. The thermal 
conductivities along the three principal directions have 
also been determined by a laser flash radiometry method. 
6 
Because of the high spatial resolution (about O.2mm) of 
this technique, the thickness and width dependence of the 
thermal conductivity was studied in detail by performing 
scanning measurements. 
The distributions of the length and orientation of 
the fibres were also determined. Putting this 
information in the laminate theory, the elastic moduli 
were calculated and found to be ln reasonable agreement 
with the experimental data. A theoretical framework 
similar to that of the laminate theory for elastic moduli 
was developed to explain the thermal conduction 
behaviour. Similar agreement between theoretical and 




2.1 Elastic Moduli of Injection Moulded Short Fibre 
Reinforced Composites 
Consider an injection moulded short fibre 
reinforced composite 1n the form of an ASTM type I 
tensile bar (Fig.2.1). The 1 axis of the reference 
system is set to be parallel to the length of the 
composite, along which the composite melt was forced to 
flow during the moulding process . Microscopic 
. investigations of such a composite have revealed that the 
central region of the bar 1S uniform along the length 
direction and compr1ses a number of layers along the 
thickness (3) direction (Fakirov and Fakirova, 1985). In 
each layer the fibres lie roughly on the layer plane (1-2 
plane). The fibre orientation is different in different 
layers and there is a high degree of fibre alignment 
along the 1 direction in the surface layer due to the 
shearing force of the mould surface. Therefore, the 
injection moulded bar may be regarded as a 
multidirectional laminate made up of a number of laminae. 
In each lamina the fibres are oriented at an average 
angle e with respect to the 1 axis. To calculate the 
elastic moduli of the composite, we must first find the 




Figure 2.1 The composite sample ln the form of an ASTM 
type I tensile bar 
9 
laminate theory. In the following derivation, we will 
follow the formulations of Tsai and Hahn (1980), Hahn et 
al. (1986), Hahn and Kim (1978) and Pagano (1974). 
2.1.1 Elastic Properties of an Anisotropic Solid 
The elastic properties of an anisotropic solid can 
be described by the generalized Hooke's law, 
0' - C C 
l.J - l,jkl.. kl 
relating the stress tensor, 0' . . , to 
tJ 
the strain tensor, 
c 
kl' where Cl,jkl is a fourth ranked tensor called 
stiffness tensor. Since both 0' and c are 
l.J l..J 
··symmetr ical, 
In addition, if the process is thermodynamically 
reversible and takes place under isothermal conditions, 
the elastic free energy can be shown (Nye,1960) to be a 
quadratic function of the strain: 
1 F - -C c c 
- 2 i.jkL i.j kl 
It may be observed that the product c c i.j kL lS unchanged 
when i j and k 1 are interchanged. That is 
Therefore the number of independent stiffness constants 
for the most general anisotropic solid is reduced from 81 
to 21. 
10 
For simplicity, it is customary to use an 
abbreviated notation (called matrix notation) ln place of 
the full tensor notation. The following scheme is 
adopted: 
Tensor notation 11 22 33 23,32 31,13 12,21 
Matrix notation 1 2 3 4 5 6 
The stress-strain relation can then be rewritten as 
0' - C £ 
m mn n 
(2 .1) 
where m,n - 1,2,3 .. 6 and C is a 6x6 matrix. In this -
representation, the strain components £, £ and £ are 
4 ~ 6 
redefined as 
£ - ( £23 + £32 ) -4 
£ - ( £31 + £13) -~ 
£ - (£12 + £21 ) -6 
Furthermore, the stress-strain relation can also be 
written In the form of 
£ - S 0' (2.2) 
m mn n 
where S = (C-1 ) obtained by matrix inversion are 
mn mn 
called the compliance constants. 
For a solid having orthorhombic symmetry and with 
its principal axes coinciding with the reference axes 
1-2-3, the number of independent elastic constants IS 
reduced to 9 and the stiffness matrix is given by 
11 
c c 11 12 c 13 0 0 0 
C C C 0 0 0 12 22 23 
C C C 0 0 0 13 23 33 
0 0 0 C 0 0 
44 
0 0 0 0 C 0 ~~ 
0 0 0 0 0 C 66 
Since S -1 - C , equation 2.2 may be transformed to: 
-
£ S S S 0 0 0 a 
1 11 12 13 1 
£ S S S 0 0 0 a 
2 12 22 23 2 
£ S S S 0 0 0 a 
3 - 13 23 33 3 
- (2.3) 
£ 0 0 0 S 0 0 a 
4 44- 4-
£ 0 0 0 0 S 0 a 
~ ~~ ~ 
£ 0 0 0 0 0 S a 
6 66 <5 
2. 1 '. 2 Elastic Moduli of a Unidirectional Lamina 
Consider a unidirectional composite with fibres 




where i - 1,2,3 .. 6 and a
i 
is the stress field in a very 
small volume element that may represent the overall 
behaviour of the composite, and V lS the volume of the 
composite. The volume element of the unidirectional 
12 
composite described above is chosen to consist of a fibre 
embedded in a matrix plate as shown in Figure 2.2. The 
width ratio Wf/(Wf+W
m
) is the same as the fibre volume 
fraction of the composite itself, and the bonding between 
the fibre and matrix is assumed to be perfect. Using a 
similar definition, the volume-average stresses in the 
fibres and matrix are 
a 
= ~f Iv a , dV fi. t. 
f 
Cl 
= ~m Iv a , dV mt i. 
m 
where Vf and Vm are the total volume of the fibres and 
matrix, respectively. Therefore 
a -va +va 
i. f f'l. m mt. 
where v f and vm are the volume fractions of the 
and matrix, respectively. 
(2.4) 
fibres 
Similar to the composite stress, the composite 
strain is defined as the volume-average strain: 
£ 
i. =v£ +V£ , f fi. m mt 
(2.5) 
where £ and £ , are the volume-average strains In the fi ml. 
fibres and matrix, respectively. 
If the volume element lS now subjected to a stress 
parallel to the fibre, such that £ - £ - £ , 











Figure 2.2 A simple representative volume element of 
an unidirectional composite. 
14 
where E[1= 0'[1/e[1 is the longitudinal Young's modulus of 
fibre and E = 0' le is the Young's modulus of the matrix. 
m m m 
Therefore, the longitudinal Young's modulus of the 
unidirectional composite E 1S given by 
1 
Similarly, the longitudinal Poisson ratio 
given by 
1/ =vv +vv 








where V [21 is the longitudinal Poisson ratio of the fibre 
and v 1S the Poisson ratio of the matrix. The Poisson 
m 
ratio v refers to the deformation 1n the 2 
21 direction 
when the composite is stressed 1n the 1 direction. 
Equations 2.6 and 2.7 are known as the rule-of-mixtures 
equations. 
However, the above relations (Eqns.2.6 & 2.7) are 
valid only for continuous fibre composites. For short 
fibre reinforced composites, the effects due to the 
finite length of the fibres is significant and must be 
considered in the calculation of the longitudinal moduli. 
It has been shown that in the region of the fibre ends, 
the strain in the fibre is less than that in the matrix. 
The deformation field in the matrix 1S sketched in Figure 
2.3a. In the shear-lag analysis of Cox (1952), the 
, 
tensile stress along the fibre is found to be zero at the 
fibre ends and is a maximum at the centre of the fibre as 
shown in Figure 2.3b. In this figure, the shear stress 












. in fibre 
x - 1 
--1----1 
Figure 2.3 (a) Diagrammatic representation of the 
deformation around a discontinuous fibre 
embedded in a matrix subjected to a tensile 
load parallel to the fibre. (b) Variation 
along the fibre of the tensile stress in the 
fibre and the shear stress at the interface 
according to Cox (1952). 
remain elastic and the 
perfect. 
16 
Matrix and fibre 
interface bond IS 
fibre and matrix is also plotted. It is obvious that the 
average stress in a fibre of length 1 is less than that 
in a continuous fibre subjected to the same external 
loading conditions. This decrease in the average fibre 
stress will result in a lowering of the efficiency of the 
fibre in stiffening the matrix and is taken into account 
by introducing a strain partitioning parameter, 1n 
the rule-of-mixtures equations 2.6 & 2.7. The 
longitudinal Young's modulus and Poisson ratio for 
unidirectionally aligned short fibre reinforced 
composites are then given by (Hahn et al., 1986): 
V 2~ - (n 1 v f V f21 + V m V m ) I ( n 1. V f + V m ) (2.9) 
. where 
1 - V 
f 
(3CJ.. 
------:--- - V (3CJ..- t an h ( (3CJ..) f 
Cl. - lid and 
d and CJ.. are, respectively, the diameter and the aspect 
ratio of the fibre, while G is the shear modulus of the 
m 
matrix. Equations 2.8 and 2.9 are thus called the 
modified rule-of-mixtures equations. 
In order to predict the longitudinal shear modulus, 
a uniform shear stress 06 is supposed to be applied to 
the representative volume element of Figure 2.2. Due to 
the fact that the matrix is softer than the fibre, it 1S 
17 




where If is a stress partitioning parameter that 1S a 6 
measure of the relative magnitude of the average matrix 
stress as compared to the average fibre stress. Then 
equation 2.4 becomes 
(2.11) 
By using the relation G 
6 
Cld C 6 and substituting 
equations 2.10 & 2.11 into equation 2.5, the longitudinal 




1 v f 
- (v + Y'/ v ) ( ~ + 













Moreover, by comparing equation 2.12 with the 
results obtained by Hermans using a model consisting of a 
cylindrical fibre surrounded by a concentric cylindrical 
matrix (Hermans, 1967), the stress partitioning parameter 
is shown to be 
Similar approaches are used to predict the transverse 
plane strain bulk modulus k and the' transverse 
2 























v f + 11 40v m 
1 
2(1 - V ) 
m 
1 
4(1 - L> ) 
m 
v 11 




( 1 m ) + 
kf2 
G 
(3 4L> m ) - + 
m Gf4 
Once k and G are known, the transverse Young's 
2 4-
moduli, 
E and E , are given by 
2 3 
where 











Equations 2.12-16, also called modified rule-of-mixtures 
equations, are valid for both continuous and short fibre 
composites. 
Since the unidirectional composite with short fibre 
aligned in the 1 direction 1S isotropic in the plane 
normal to the 1 axis (i.e. 2- 3 plan e ) , the number of 
independent elastic compliances is reduced to 5, and the 
generalized Hooke's law CEqn.2.2) becomes 
19 
e S S S 0 0 0 0' 
1. 1.1. 1.2 1.2 1. 
e S S S 0 0 0 0' 
2 1.2 22 23 2 
e S S S 0 0 0 0- (2.17) 3 - 1.2 23 22 3 -
e 0 0 0 S 0 0 0' 4 44 4 
£ 0 0 0 0 S 0 0' 5 66 5 
e 0 0 0 0 0 S 0' 
6 66 6 
where S - S - 2S is not independent. The compliance -23 22 44 
constants are of course related to the elastic moduli In 
equations 2.8 and 2.12-16. 
A thin unidirectional lamina is now cut from the 
above composite such that its surface is parallel to the 
1-2 plane. If it is sufficiently thin, the 
through-thickness stresses may be assumed to be zero. 
Thus 0' = 0' = 0' = 0 and equation 2.17 reduces to 
3 4. ~ 
£ S S 0 0' 
1. 1.1 1.2 1 
£ - S S 0 0--2 12 22 2 (2.18) 
e 0 0 S 0' 
6 66 6 
The in-plane compliance constants S. are related to the 
l.J 
elastic moduli by 
1 
E S 1.1. 
1 
s - 1 - E 22 
2 













Since only the in-plane properties of the lamina 
are considered, the number of compliance constants lS 
reduced to 4. By inverting the compliance matrix In 
equation 2.18, the stiffness matrix for a unidirectional 
lamina in which the fibres are aligned parallel to the 1 
axis can be obtained. 
2.1.3 Laminate Theory for the Elastic Moduli of Short 
Fibre Reinforced Composites 
As we have mentioned above, a multidirectional 
laminate is made up of laminae with fibres oriented ln 
different directions. Using the classical laminate 
theory, the stiffness matrix of a laminate can be 
derived. There are a number of assumptions: 
1. the laminae are perfectly bonded such that the 
strain remains constant across the laminate thickness. 
2. the bond between the laminae 1S infinitely thin. 
3. the laminate is so thin that only the in-plane 
stiffnesses need be considered. This is reasonable when 
the thickness of the laminate 1S small in comparison with 
the length and width. 
21 
In-plane Stiffnesses of an Off-axis Unidirectional Lamina 
For a unidirectional lamina with fibres aligned at 
angle e wi th respect to the 1 aX1S (F ig. 2 .4) , the 
stiffness matrix is of the form 
c c C 
11 12 26 
c c C 
12 22 26 
c c C 
16 26 66 
and the off-axis stress-strain relation 1S given by 
0- C C C £ 
1 11 12 26 1 
0- - C C C £ -
2 12 22 26 2 (2.20) 
0- C C C £ 
6 16 26 66 6 
From now on, the unprimed and primed physical variables 
refer to the properties relative to the reference system 
1-2-3 and the system 1'-2'-3' formed by the principal 
axes of the lamina respectively. The off-axis 
stiffnesses, c can be related 
mn 
to the on-aX1S 
stiffnesses, C' , by means of a rotation transformation 
mn 
as shown below. 
In Figure 2.4, if the aDgle e lS taken to be 
negative when counted clockwisely from the 1 aX1S, the 
off-axis stiffnesses are given by 
(2.21) 
where 
i,j,k,1,a,~,y,6 - 1,2 
22 







Figure 2.4 A unidirectional lamina with fibres at an 
angle e to the 1 axis of the reference system. 









is a 2-dimensional rotation transformation matrix. It 
should be noted that the full tensor notation is adopted 
in the transformation equation 2.21. By direct 






= cos 8 e' . 48 e' + Sln 
1. 1.1. 1. 
28 . 28 + cos Sln 
2222 
[ 2e' + 4e' ] 1122 1212 
+ 4cos 3 8 sine e' + 4cose sin 3 e e' 
1112 1. 222 
e ' - 0, then 
1.222 
2 2 2 2 
+ 2cos 8 sin e e' + 4cos 8 sin 8 e' 
12 66 
where the matrix notation is used again. Similarly, the 
relations for the other off-axis stiffnesses can also be 
obtained: 
e . 48 e ' 4- e' - Sln + cos e -22 11. 22 
2 
. 28 2 . 2e e' + 2cos 8 Sln e' + 4cos 8 Sln 1.2 66 
e 2 . 2e [ e' e' ] - cos e sln + -12 11. 22 
[ cos 48 sin 4 e ] 2 . 2 + + e' - 4cos e Sln e e ' 12 66 
e 
2 
. 28 e' ] - cos e Sln [ e' + -66 1.1 22 
2 
. 28 [ 2 . 2e ]2 e' - 2cos e Sln e' + cos e - sln 1.2 66 
24 
C 3 . 3 e - COS e sine C' cose SIn C ' -1..6 1..1.. 22 
[ cose . 3 e 3 sine ] [ C' 2C' ] + SIn - cos e + 12 66 
C - COse . 3 e C' 3 sin8 C' - SIn COS 8 26 11 22 
[ cos 3 8 sin8 cos8 . 3 8 ] [ C' 2C ' ] + - SIn + 12 66 
Moreover, by introducing the parameters U. where 
l. 
U - 1 [ 3C' 3C ' 2C ' 4C' ] - 8 + + + 1. 11.. 22 12 66 
U - 1 [ C' C' ] - 2 2 11 22 
U - 1 [ C' C' 2C' 4C' ] (2.22) - 8 + 3 11 22 12 66 
U - 1 [ C' C' 6C ' 4C' ] - 8 + + 4 11 22 12 66 
u - 1 [ U U ] - 2 ~ 1- 4 
the above expressions for off-axis stiffnesses can be 
rewritten as (Tsai and Hahn, 1980) 
C - U + cos28 U + cos48 U -
1.1 1 2 3 
C - U cos2B U + cos48 U -22 1 2 3 
C - U cos48 U -1.2 4- 3 
C - U - cos48 U 
66 ~ 3 (2.23) 
It is noted that U. are related to the,elastic moduli of 
l. 
the matrix and fibre as well as the fibre volume fraction 
through equations 2.8, 2.9 and 2.12-16. 
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In-plane Stiffnesses of a Multidirectional Laminate 
The stress across the multidirectional laminate is 
not constant because the stiffness varies from lamina to 
lamina. Therefore, it lS much easier to define an 
average stress than an actual stress across the laminate. 
This average stress can then be used to define the 
in-plane stress-strain relation of the laminate. The 
average stresses across the thickness of a laminate are 
defined as 
a = -.L Jh / 2 
i. h 
-h/2 
l - 1,2,6 




average in-plane stresses of a lamina, which lS dh' In 
thickness, with fibres at e to the 1 axis. Substituting 
the stress-strain relation (Eqn.2.20) into equation 2.24, 
we have 
a i. = ~ Jh / 2 
-h/2 
[ c . .£ + C . £ + C . £ ] dh' 1..1 1 1..2 2 1..6 6 (2.25) 
where c. are the average in-plane strains of a lamina 
1.. 
with fibres at angle e to the 1 aXlS. Since it lS 
assumed that 
across for all laminae, where £i. are the average strains 
the thickness of the laminate, equation 2.25 becomes 
et. - A. £ + A. £ + A. £ 










A A A 
1.1. 1.2 26 
A A A 
12 22 26 
A A A 
16 26 66 







1,J - 1,2,6 
(2.26) 
(2.26a) 
Therefore the in-plane stress-strain relation in terms of 
the in-plane stiffness matrix, A, of the multidirectional 
laminate 1S obtained. Moreover, the in-plane 
stress-strain relation can also be expressed in the form 
of 
& a a a 1 et 1 11 12 26 1 
& - a a a et (2.27) -
2 12 22 26 2 
e a a a et 
6 16 26 66 6 
where the in-plane compliances of the multidirectional 
laminate, a .. , can be obtained by inverting the stiffness 
~J 
matrix A. It 1S noted from equation 2.26a that the 
in-plane stiffness of a multidirectional laminate is just 
the arithmetic average of the corresponding off-axis 
stiffness of the individual laminae or lamina groups. 
By using equation 2.23, the in-plane stiffnesses of 
, 
1n terms of U . . 
\. 
For the laminate can be expressed 
example, 
27 
1 [/2 A - C dh ' 
11 - 11 h 11 
- /2 
1 [/2 
= 11 [ U 1 + U
2
cos28 + U3 cos48 ] dh' 
-h/2 
=U +UV +UV 
1 2 1 3 2 
where the orientation parameters V and V are given by 
1 2 
V 1 [/2 
1 = 11 -h/2 cos28 dh' (2.28) 
V 1 [/2 cos48 dh' 
2 = 11 -h/2 (2.29) 
and depend only on the orientation of the fibres. 
Similarly, the other in-plane stiffnesses of the laminate 
can be obtained. The final results are: 
A -U +UV +UV 
11 1 2 1 3 2 
A - U U V + U V -22 1 2 1 3 2 
A - U U V -
12 4 3 2 
A - U U V -
66 ~ 3 2 
(2.30) 
A 1 U V = TU V + 16 2 3 3 4 
A 1 U V = TU V -26 Z 3 3 4 
where V and V are 
3 4 
V 
_ 1 [/2 











In-plane Elastic Moduli of Injection Moulded Short Fibre 
Reinforced Composites 
As mentioned above, the fibre orientation 
distribution in the central region of injection moulded 
bar is uniplanar as well as symmetric about the flow 
direction. Furthermore, the cumulative fibre orientation 
distribution Fce), i.e. the fraction of fibres at angles 
smaller than e, was found to obey a modified exponential 
relation of the form CKacir et al., 1975; Hahn et al., 
1986) 
F(e) - C2.33) 
where A is an empirical parameter describing the degree 
of the fibre alignment. Thus, the effective thickness 
dh' of the lamina with fibres oriented at either 8 or -8 
is given by 
dh' = h dF 
hAe- A8 
- ------A-rr-/-2-)- dB 
(1 - e 
C2.34) 
where h is the total thickness of the composite sample. 
Substituting the above relation into equation 2.28, we 
have 
[/2 -AB 
V - Ae cos2B dB 
-
e-Arr / 2 ) 1- ( 1 
-
A Re[ J:/2 e (-A+2i)8d8 1 
-
e- Arr/ 2 ) (1 -
29 
_ __A._2---.;(=-:-1_+~e_-_A-::"IT_/_2.....;.) __ 






(A. 2 + 16) 
(2.35) 
(2.36) 
Since the fibre orientation distribution lS symmetric 
about the flow direction (1 direction), it follows that 




A - A - 0 
16 26 
Substitution of these V. values into equation 2.30 
t 
gives the in-plane stiffnesses of the short fibre 
composite, A . .. 
l..J 
Then the in-plane moduli of an injection 

























2.1.4 Out-of-plane Elastic Moduli of Injection Moulded 
Short Fibre Reinforced Composites 
The out-of-plane elastic moduli have been 
calculated by making the reasonable assumption of uniform 
out-of-plane stresses (Hahn and Kim, 1978; Pagano, 1974; 
Hahn et al., 1986). 
where 
T 









They are given by: 
2vO T T 
V 
23 
2 1 13 23 







- 2iD [ V (1 + v ) (1 -V) + (v + v v ) (1 + V) 1 2 1 23 1 23 12 21 1 
Since the out-of-plane moduli are not strongly 
influenced by fibre reinforcement, we will only consider 





2.2 Thermal Conductivity of Injection Moulded Short 
Fibre Reinforced Composites 
Since there are no existing theoretical frameworks 
for describing the thermal conductivity of injection 
moulded short fibre composites, we will develop a model 
following the approach used in the laminate theory for 
the elastic moduli. The first step is to find a formula 
for evaluating the thermal conductivity of a 
unidirectional lamina. 
2.2.1 Thermal Conductivity of an Unidirectional Lamina 
Halpin and Tsai (Halpin, 1868; Tsai, 1868) have 
shown that various theoretical expreSS10ns for the 
tensile modulus E of fibre reinforced composites, 
including those given in equations 2.8 and 2.15, 






1 + < /-lV f 
1 - /-lV f 
can be 
(2.40) 
e is a reinforcement factor which depends on the geometry 
of the fibres and the direction in which the modulus 1S 
measured. 
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Nielsen and Bigg (Nielsen, 1973; Bigg, 1986) have 
shown that equation 2.40 also applies to the thermal 
conductivity K but a better fit to the data at high fibre 






"lfJ - 1 + 





. ~m is the maximum packing fraction of the fibres, and Kf 
and K are the thermal conductivities of the fibres and 
m 
matrix, respectively. 
For a uniaxially oriented short fibre composite, 
< - 2 lid 
< - 0.5 
for thermal conduction parallel to the fibres 
for thermal conduction perpendicular to 
the fibres 
The maximum packing fraction cp ranges from 0.785 for 
m 
uniaxial simple cubic packing' to 0.907 for uniaxial 
hexagonal close packing. If 1 , the modified 
, 




1 + < J-lV f 
1 - J-lv f 
(2.42) 
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For low fibre concentration (up to vf=O. 4), the 
difference between the K values obtained from equations 
2.1 and 2.2 is less than 5%. Therefore, In our work, the 
Halpin-Tsai equation, instead of the modified one, lS 
used because the maximum fibre volume fraction of the 
samples studied is only 0.34. 
For a unidirectional laminae with short fibres 
aligned in the 1 direction, the thermal conductivities 
parallel (K' ) 
1 1 
and perpendicular 





1 + 2CJ./-lV f 
1 - J-lV f 
1 + 0.5/-lv f 






However, for a unidirectional lamina with fibres at angle 
e to the 1 aXlS (Fig.2.4), the thermal conductivities 
along the directions 1 and 2, can be 
obtained by rotation transformation. Since K is a second 
ranked tensor and K' = K' = 0, it follows that 
12 21 
K = R R K' 
1.1. 1.(3 1y (3y (3,y = 1,2 
where R .. is the element of the rotation matrix mentioned 
\.J 
in section 2.1.1. Similarly, 
34 
2.2.2 Laminate Theory for the Thermal Conductivity of 
a Multidirectional Laminate 
For the mth lamina of a unidirectional laminate, 




-K .. 0 
t.t. x . 
\.. 
1 - 1,2 
which is constant over the cross section of each lamina. 
The total flux across the laminate is then given by 
[
/2 
1 . mm , 
= 11 (-Ki.i. oXi. ) dh 
-h/z 
where h and A are the thickness and the cross-sectional 
area of the laminate. Since the temperature gradient 
continuous, 1.e. 
arm OT ( ) -






The thermal conductivity of the 
direction KO is then given by 
1 
35 
laminate in the 
lS 
1 
=lCK' + K' ) +lv CK' - K' ) 2 11 22 2 1 11 22 (2.44) 
where V is the orientation parameter defined In equation 
1 
2.28. Similarly, 
KO = ~ (K ' + K' ) - ~ V C K' - K' ) 
2 2 11 22 2 1 11 22 (2.45) 
2.2.3 In-plane Thermal Conductivity of Injection Moulded 
Short Fibre Reinforced Composites 
Since the geometric factor V 
1 
for the injection 
moulded short fibre reinforced composite has already been 
calculated in the above section (Eqn.2.35), the thermal 
conductivities of the laminate are then given by 
KO =~CK' + K' ) 
1 2 11 22 (2.46) 
KO =lCK' + K' ) 
2 2 11 22 (2.47) 
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CHAPTER THREE 
EXPERI MENT AL TECHNI QUES 
3.1 Determination of the Elastic Moduli by Ultrasonic 
Techniques 
3.1.1 Theory of Measurement 
For an anisotropic material having orthorhombic 
symmetry, such as an injection moulded short fibre 
reinforced composite, there are nine independent elastic 
constants and the stiffness matrix has the form 
c c c 0 0 0 
11 12 13 
C C C 0 0 0 
12 22 23 
C C C 0 0 0 
13 23 33 
0 0 0 C 0 0 
44-
0 0 0 0 C 0 
~~ 
0 0 0 0 0 C 
66 
where the subscript 1 refers to the mould flow direction, 
and 2 and 3 refer to the transverse and thickness 
directions, respectively. For ~ harmonic wave travelling 
through such a material, the equation of motion is 
l - 1,2,3 
where 0 .. is the stress, x . denotes the posi tion, 
~J t 




the displacement and p is the density. By using the 
37 
generalized Hooke's law, equation 3.1 becomes 
(3.2) 
in which the tensor notation and the definition £ =--
kL <1xL 
have been used. If the sample is large enough, the 
solutions of equation 3.2 have the plane-wave form: 




v , r = 1,2,3 (3.3) 
where K is the polarization vector,· W IS the angular 
frequency, and v is the velocity of the wave with unit 
-+ 
wave vector n. Substituting equation 3.3 into equation 
3.2 gives 
This is a set of homogeneous equations In Ak and the 
non-trivial solutions are given by 
(3.4) 
It is noted that equation 3.4 IS cubic in z v , and so for 
each propagation direction, three elastic waves with 
different polarizations and velocities are allowed to 
travel through the sample. 
For a plane wave travelling In the 1-2 plane and in 
a direction making an angle 8 with the 1 aXIS, 
n =0, 
3 
and the solutions 










[ rC 44 : CC::;::; f/2 
1 {CrC 22 + (C 11 + C 66) + [<PCC~2+C66)2 /2p 
+ [r C C - C ) + C C c - c ) ] 2 ] 
22 66 11 66 




v 1S the velocity of the wave polarized ln the 3 
o 
direction and v and v are the velocities of the waves 
+ 
polarized in the 1-2 plane. If the wave propagates along 
the 1 axis, 8=0, v , v and v 
o + 









refer to the directions of polarization and propagation. 













Equations analogous to equations 3.5 and 3.6 exist for 
wave propagation in the 2-3 and 3-1 planes. 





and C33 can be deduced from the longitudinal wave 















Similarly, the shear stiffnesses C ,C and C can be 
44 ~~ 66 



















Equation 3.6 shows that for propagation at angle e 
to the 1 axis, the transverse wave velocity.v depends on 
C 1.1. J C 22 J C and C 66 1.2 Since C1.1.' C 22 and C 66 
known, C can be calculated from the observed .v 
1.2 
o 
example, at e = 45 
C = /( C + C - 2pv2 ) (C + C - 2pv2 ) - C 
1.2 22 66 rs 1.1 66 rs 66 
where r - (1/~2)(1,-1,0) and s - (1/Y2)(1,1,0). 





The experimental set up is shown' schematically In 
Figure 3.1. A transmitting PZT ceramic transducer and a 
receiving transducer made of the same material were 
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set-up for the 
using a small amount of coupling agent. Longitudinal and 
transverse waves were generated by employing two 
different types of transducers. For longitudinal wave 
propagation, silicone oil was use as the bonding agents, 
while a more viscous bond, Panametrics shear wave 
couplant, was used for shear wave propagation. A pulse 
generator (Hewlett Packard 214A) was used to energize the 
transmitting transducer which generated a beam of pulsed 
10MHz ultrasonic waves through the sample. 
Simultaneously, the pulse from the generator was used to 
trigger the time interval counter (Tekronix 
Programmable Universal Counter) to start counting. 
DC5010 
The signal picked up by the receiving transducer 
was pre-amplified and observed on an oscilloscope 
(Hitachi V650F). The signal was further amplified by the 
oscilloscope and then fed to an external gate 
(Mini-circuit Laboratory ZAY-3) which was initiated by an 
adjustable square pulse. The purpose of the external 
gate was to eliminate the noise which arrived before the 
signal. The gated signal was finally fed to a time 
interval counter to trigger the stopping of the time 
interval counting. Therefore , the transit time of the 
sample tm' including the dead time .td' was measured . 
The dead time was associated with the time for the 
pulse to travel through the electronic circuit and the 
transit time through the acoustic bonds, and had to found 
42 
in each experiment. The transit time through a serles of 
isotropic POM samples of thickness O.258mm, O.495mm, 
O.665mm and 1.015mm was measured and the dead time was 
obtained by extrapolating the data to zero thickness. 
The ultrasonic wave velocity in the sample could then be 





where L was the thickness of the sample. 
Preliminary tests showed that the elastic moduli 
and thermal conductivities did not vary with the position 
along the length if the samples were prepared from the 
central region of the tensile bar. Therefore, all the 
samples were cut within a central region of length 30cm 
and width 8mm (±4mm from the central line) as shown ln 
Figure 3.2. Samples were prepared from the surface and 
middle layers, both of which were O.7mm thick. Samples 2 
and 3 were used to measure the longitudinal velocities 
v V J V along the three principal directions and 
11' 22 33 
the velocities v and {) of the transverse waves 
13 23 
propagating in the thickness (3) direction. The region of 
width 8mm was cut into two samples in order to keep the 
propagation path below 5mm to reduce wave attenuation. 
An average of the velocities in the two samples was used 
to calculate the stiffnesses. For the transverse 
velocity along the 1 direction, V 
21 ' 
only one sample 










Figure 3 . 2 Samples used ln the ultrasonic measurements 
44 
From these velocity data, C J 
. 11 Czz , C33 ' C 44' 
and C
66 
were calculated according to equations 3.8 and 
3.9. The accuracy of these stiffnesses was estimated to 
be 3% which reflected the uncertainty in the measurement 
of transit time and sample thickness. Moreover, by 
measuring the transverse velocity v using sample 5 , 
rs 
~ ~ 
where r=(l/iZ)(l,-l,O) and s=(l/YI)(l,l,O), the stiffness 
C could be calculated from equation 3.10. 
12 v was not rs 
sensitively dependent on the magnitude of C
1Z
' so the 
accuracy of C was only about 8%. 
12 
Since the sample 
dimension along the thickness direction was only 0.7mm, 
C and C might not be determined by the contact method 
23 31 
because it was not possible to prepare sample with 
sufficiently large dimension along the propagation 
direction. Therefore, these stiffness were determined by 
the immersion method described below. 
Immersion Method 
The immersion method and the analysis of data are 
similar to those discussed by Chan (1980). Therefore, 
only a brief discussion is given. 
The experimental set up is shown schematically ln 
Figure 3.3. A pair of PZT ceramlC transducers of 
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Figure 3.3 Schematic diagram of the set-up for . . ImmerSIon 
method. By Rotating the sample about 1 axis, 
C can be obtained. 
23 
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The transducers were aligned so that their axes lay on 
the same horizontal line. A sample of thickness L was 
inserted between them with one of its symmetry axes 
(either 1 or 2) parallel to the transducer surfaces. A 
pulse generator (Panametrics 5052PR) was employed to 
energize one of the transducers (transmitter) to generate 
a beam of 10MHz ultrasonic pulse . The beam after passing 
through the fluid and the sample was received by another 
transducer (receiver) at the opposite side. The signal 
from the receiver was then amplified (EIN 310 Rf 
amplifier) and fed to an oscilloscope (Tektronix 7834) 
and a gated interval-counter (Tektronix 7D15). Finally, 
the transit time was measured by the gated 
interval-counter which was initiated by part of the 
driving pulse from the pulse generator. 
Although both the quasi-longitudinal and 
quasi-transverse ultrasonic waves, v and 
+ 
v , were 
generated in the sample if it was held at an angle to the 
ultrasonic beam (Fig.3.3), only the transit time for the 
quasi-transverse wave, t_, was measured in this work. By 
rotating the sample about the 1 axis, t was measured as 
a function of the angle ~. In ~ddition, the transit time 
t when the sample was absent was also determined. 
o 
Then 
the angle-dependent velocities of th€ quasi-transverse 
ultrasonic waves, v , were calculated from the equation: 
47 
where 
~t - t - t 
o 
and u L was the sound velocity of the liquid. By using 
the stiffnesses C ,C and C already determined 
22 33 44 
from 
the contact method, C could be obtaining by 
23 
these velocities to the equation 
U = 1 {c vC + rc + C ) ± [A-.C C +C ) 2 /2 p , I 33 ~ zz 44 '+' Z3 44 
+ [y(C -C ) + CCC -C )]2J 
33 44 22 44 
1/2}1/2 
where y = sin 2 e , C = cos 2 e , ~ = sin 2 2e 
- -
fitting 
Similarly, by rotating the sample about the 2 aXlS, the 
stiffness C could be obtained by fitting the transverse 
31 
velocities along various directions in the 3-1 plane to 
the equation 
v __ 1_ {CYC + CC + C ) ± [epec +C )2 
~ 11 33 ~~ 31 ~~ 
Y 2p 
+ [YCC -C ) + CCC -C )]2J 11:5~ . 33 ~~ 
1/2}1/2 
The overall error arising from the uncertainty In 
the measurement of angle, time and sample thickness was 
8%. 
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3.2 Determination of the Thermal Diffusivity by Laser 
Flash Radiometry 
3.2.1 Theory of Measurement 
Consider the case where a short laser pulse lS 
flashed on the front surface of a thin sample of 
thickness L. Due to the absorption of the laser pulse, 
the sample surface is heated up and the initial (t 0) 
temperature rise T above the ambient temperature T 
o 
inside the sample lS given by 
T(x,O) - Aexe -et)( (3.11) 
where A is a constant dependent on the pulse energy and 
the heat capacity of the sample, ex lS the absorption 
coefficient at the excitation wavelength and x 1S the 
distance from the front surface of the sample. The 
diffusion of the heat energy through the sample lS 
governed by the one-dimensional heat diffusion equation: 
(3.12) 
where D is the thermal diffusivity of the sample. Under 
the initial condition (Eqn.3.11) and the 
boundary condition 




at the sample surface after the excitation flash, the 
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By using the Stefan-Boltzmann law, the radiometry 
signal S (t) at the infrared detector monitoring the 
R 



















where K = Gca IS a constant; G IS a geometrical factor, 
o 
c is emissivity averaged over the detection spectral 
bandwidth and a IS Stefan-Boltzmann constant; a.. IS the 
o 
infrared absorption coefficient'of the sample averaged 
over the detection spectral bandwidth and T IS the 
, 
thermal diffusion time constant which is related to D by 
T - ( 3.15) 
Therefore, by fitting the infrared detector signal to 
50 
equation 3.14, the thermal diffusivity D can be deduced. 
To ensure the linear flow of heat inside the 
sample, it was shown (Choy, Leung and Ng, 1987) that D/L 
must be larger than 12, wheie D is the diameter of the 
area illuminated by the excitation pulse. Moreover, the 
heat loss due to air conduction and radiation must be 
small in order that the adiabatic boundary condition 
(Eqn.3.13) may hold. For the polymers and composites 
examined in the present work, the heat loss is negligible 
if the thermal diffusion time T is less than 50ms, 
implying a thickness smaller than 250~m. 
3.2.2 Thermal Diffusivity Measurement 
Sample Preparation 
To measure the thermal diffusivity D along different 
directions, a series of samples of thickness 200-250~m 
were cut from the central region of the tensile bar 
according to the scheme shown in Figure 3.4. Sample 6 
was used to study the variation of D 
1 
(thermal 
diffusivity parallel to the mould flow direction) along 
the width direction (2) and thickness pirection (3). The 
width dependence of D was measured at thickness 
1 
positions of O.3mm and 1.6mm from the top surface while 
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Figure 3.4 Samples used In the thermal diffusivity 
measurements 
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central line (i.e. at a width position of 6.2mm from one 
edge of the composite). Samples 7a-7e were cut at width 
positions of 0.3, 3, 6.2, 9 and 12.1mm and used to study 
the thickness dependence of D . 
2 
Similarly, the 




lay at thickness positions of 0.3, 0.8, 1.6, 2.4 and 
2.9mm. 
The thermal diffusivity of PPS and PEEK at various 
crystallinities were also measured by using 200~m thick 
samples cut from isotropic sheets. 
Laser-Flash Radiometry Method 
The schematic experimental set-up 1S shown 
schematically in Figure 3.5. A Quanta-Ray DCR Nd/YAG 
pulsed laser with a harmonic generator, providing light 
pulses with pulse width 10ns at anyone of the four 
wavelengths : 266, 355, 532, 1064nm, was used as the 
excitation source. In this work, the front surface of 
the carbon-fibre reinforced composite samples were 
flashed by the infrared light pulse at 1064nm while that 
of the glass fibre-reinforced composite and polymer 
samples were flashed by the ultraviolet light pulse at 
266nm. To avoid sample damage due to the hot spots 
within the laser beam, either a ground glass plate or a 
























Figure 3.5 Schematic diagram of the set-up for the 
laser-flash radiometry method. 
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front surface of the sample. The intensity of the beam 
then became more uniform. The sample was mounted on a 
sample holder which could be translated ln the horizontal 
direction with a precision of O.lmm. 
A liquid N 
2 
cooled HgCdTe detector (Infrared 
Associates Inc. model HCT 1011), with an active area of 
0.25mmxO.25mm, was employed to monitor the temperature at 
the rear surface of the sample. The detector was mounted 
on a stage which could be translated ln the horizontal 
direction with a precision of O.Olmm. The signal from 
the infrared detector was first amplified by a home-made 
d.c. pre-amplifier. Then the signal was further 
amplified by a Tektronix TH503 amplifier and fed to a 
transient digitizer (Transiac 2001). A computer was 
finally used to collect and average the digitized 
signals. For the carbon fibre composite samples, 5 to 10 
pulses were averaged, while 20 to 30 pulses were needed 
for the glass fibre composite and polymer samples. 
By fitting the averaged signal to the theoretical 
expresSlon ( Eq n . 3 . 14 ) , the thermal diffusion time 
constant T and hence the thermal diffusivity D was 
obtained. The thermal conductivity was 
through the relation 
K - ,oCD 
where C was the specific heat determined 
calculated 
( 3 . 16 ) 
with 
Perkin-Elmer DSC 2 differential scanning calorimeter. 
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a 
The error in T arising from the fluctuation ln the 
environment, noise ln the infrared detector and 
electronic circuit was about 2%. 
thickness measurement was about 1%. 
The error in the 
Hence, the overall 
error in thermal diffusivity calculated through equation 
3.15 was 4%. Since p could be accurately determined and 
C usually had an error of 2%. The overall error in K was 
6%. 
In the scanning measurements of D, a laser beam of 
diameter of dimensions 3.5mmx3.5mm was flashed on the 
front surface of the sample. Radiation from a spot on 
the rear surface, at which D was to be measured, was 
focused by a germanium lens onto the active area of the 
infrared detector. The germanium lens had a focal length 
of 38mm and the object distance was set to be about twice 
the image distance. With this arrangement, the system 
was found to be sensitive to a region of dimensions 
O.2mmxO.2mm, 1.e. it had a spatial resolution of O.2mm. 
The scanning measurements could be performed by 
translating either the detector or 
verified that they gave the same 
the sample and we have 
results. Since the 
translation stage of the detector had a higher preC1S1on 
of O.Olmm, we translated the detector 1n thickness 
dependence measurements. As width dependence experiments 
required less preC1Slon, the sample was translated 
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instead. The advantage of the latter procedure was that 
the laser beam needed not be moved during the scanning of 
the full width of 12mm. 
3.3 Fibre Orientation and Length Measurements 
In the present work, a rapid and simple technique 
was adopted to examlne the fibre orientation 
distribution. Samples with surfaces parallel to the 1-2 
plane were cut from the composites, PEEK30cf, PPS30cf, 
PPS40cf and PPS40gf and were used without polishing. For 
each composite, two surfaces were studied, one at a 
thickness of O.3mm and the other at 1.Bmm. 
A polarizing mlcroscope (Orthoplan-Pol by Leitz) 
equipped with a camera (MDa1360012 by Leica) was used to 
observe the orientation of the fibres. A soft plastic 
tape was stuck on the surface of the sample, such that 
interference occurred between the light reflected from 
the tape and that from the sample. By rotating the 
polarizer, a high contrast image was observed and 
photographed using a fine grain black and white film 
o (Ilford Panf 50/18). The photographs were then 
magnified and the angles between the fibres and the 1 
axis were measured. The cumulative fibre fraction was 
plotted as a function of e and by fitting the data to the 
expression in equation 2.33, the orientation factor A was 
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obtained. 
To obtain the length of the fibres, samples from 
o 
the mouldings were heated to 550 C to burn off the resin. 
After cooling, the remaining fibres were placed on a 
glass slide and photographed. From the enlarged 
photographs, the aspect ratio was measured for a large 
number of fibres and the average was calculated. 
3.4 Density Measurement 
The density, p, of all samples were measured at 
room temperature by the method of floatation and 
hydrostatic weighting. In floatation method, the density 
of a mixture of toluene (p = 3 0.867gm/cm ) and carbon 
3 
tetrachloride (p = 1.594gm/cm ) in which the sample was 
floating was measured with a single beam specific gravity 
3 balance with an accuracy of O.OOOlgm/cm . For samples 
3 heavier than 1.59gm/cm , the hydrostatic weighting method 
was used instead. In this method, the density of the 
samples were obtained by measuring the weights of the 
sample immersed in air and in toluene with an electronic 
balance (Sartorius 2474) of accuracy O.Olmg. 
The volume fraction crystallinity, x, of the 
polymer samples were determined through the relation 
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x - (3.17) 
where P and p were the densities of the crystalline and 
c a 
amorphous phase, respectively. 
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RESULTS AND DISCUSSION 
4.1 Composites and Polymers Studied in the Present Work 
The composite and polymer samples studied 1n the 
present work are listed 1n Tables 4.1a and 4.1b, 
respectively. All the composite samples are received 1n 
the form of ASTM type I injection moulded tensile bars as 
shown in Figure 2.2, 1n which the definition of direction 
adopted in this work 1S also shown. The density p and 
the specific heat C of these samples at room temperature 
o (296±1 K) are listed in Table 4.2. The fibre volume 
fraction v f and the volume fraction crystallinity X, 
calculated according to equations 3.17 and 3.18, 
respectively, are also given in this table. 
4G2 Elastic Moduli and Thermal Conductivity of the 
Fibres and Polymer Matrices 
On general grounds, the elastic moduli and thermal 
conductivity of a composite are expected to depend on the 
corresponding properties of the fibre ~nd the matrix, and 
the volume fraction v f ' aspect ratio lid and orientation 
factor A of the fibres. Since it 1S impossible to 
measure directly the elastic moduli and thermal 
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fibre weight % 
sample matrix fibre length 
of fibre origin (/-lm) 
PEEK30cf Poly(ether- carbon 7 30 Imperial 
ether-ketone) Chemical 
PEEK20gf glass 9 20 Industries 
(ICI) 
PEEK30gf 9 30 
PPS30cf Polyphenylene carbon 7 30 Phillips 
Sulphide Chemical 
PPS40cf 7 40 Co. 
PPS30gf glass 14 30 
PPS40gf 14 40 
Table 4.1a Composites studied In the present work. 
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sample polymer description origin 
PEEKqs Poly(ether- quenched Imperial 
sheet 
ether-ketone ) Chemical 
PEEKba.r tensile Industries bar 
(IeI) 
tensile bar 
PEEK561 annealed at 
0 561 K 
PPSqs Polyphenylene quenched Phillips 
sheet 
Sulphide Chemical 




PPS514 annealed at 
0 514 K 
Table 4.1b Polymer samples studied In t he present work. 
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Sample 3 0 p(g/cm ) V f X C(J/g K) 
" PPSqs 1.321 - 0.08 1.034 
PPS427 1.349 - 0.33 1.034 
PPS514 1.359 - 0.41 1.034 
PPS30cf 1.419 0.243 - 0.931 
PPS40cf 1.464 0.335 - 0.920 
PPS30gf 1.608 0.188 - 0.947 
PPS40gf 1.687 0.264 - 0.919 
PEEKqs 1.264 - 0 1.105 
PEEKbar 1.299 - 0.28 1.105 
PEEK561 1.304 - 0 . 35 1.105 
PEEK30cf 1.425 0.244 - 0.995 
PEEK20gf 1 . 449 0.113 - 1.002 
PEEK30gf 1.555 0.182 - 0.998 
Table 4.2 Physical properties of the composite and 
polymer samples. The values of p and C were 
o 
obtained at 296 K. 
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conductivity of the polymer matrix, their values must be 
estimated. If we neglect the slight chain orientation in 
the surface layer, the elastic and thermal properties are 
expected to depend largely on the crystallinity X. 
, 
Fortunately, the dependence on X lS rather weak (see 
Table 4.3). Previous workers (Karger-Kocsis and 
Friedrich, 1986; Ballara, Trotignon and Verdu, 1986) have 
shown that injection moulded bars of PEEK and its short 
fibre reinforced composites possess similar 
crystallinities (0.25-0.3). Moreover, Brady (1976) found 
the injection moulded bars of short fibre reinforced PPS 
had a crystallinity of about 0.4. Comparing these 
crystallinities with our data in Table 4.3, we will take 
the tensile modulus E , shear modulus G and thermal 
m m 
conductivity K to be 4.0GPa, 1.43GPa and 2.0mW/cmoK for 
m 
the PPS matrix, and 4.2GPa, 1.50GPa and 2.5mW/cmoK for 
the PEEK matrix. 
The elastic moduli and thermal conductivity of 
carbon fibres (Thornel 300) and E glass fibres, taken 
from various sources (Hahn, 1986; Bigg, 1986; Hull, 
1981), are given in Table 4.4. The fibres have much 
higher modulus and thermal conductivity than the matrices 
and would lead to enhancement effects in composites. The 
important difference between these two kinds of fibres is 
that carbon fibre exhibits a strong anisotropy and its 
axial tensile modulus and thermal conductivity are higher 
than those of the glass fibre by factors of 3 and 9, 
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Ca) PPS 
Sample ,X E G !-) K 
(GPa) 0 (GPa) (mW/cm K) 
PPSqs 0.09 3.03 1.08 0.41 1.71 
PPS427 0.33 3.79 1.36 0.40 1.90 
PPS514 0.41 3.99 1.43 0.39 2.03 
(b) PEEK 
Sample X E G v K 
0 (GPa) (GPa) (mW/cm K) 
PEEKqs 0 3.23 1.15 0.40 2.44 
PEEKbar 0.28 4.16 1.50 0.38 2 .. 53 
PEEK561 0.35 4.51 1.63 0.38 2.56 
Table 4.3 Elastic moduli and thermal conductivities of 
polymer samples (a) PPS, (b) PEEK. 
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231 a 76 c 




5.52 a 30.4C 
G (GP a) 
6 
12.4a 30.4 C 
V 0.2 a 0.25 c 21 
V 0.25 a O.25 C 
23 
0 
94 b 10.4C K (mW/cm K) 
.1 
0 
6.7 b 10.4C K (mW/cm K) 
2 
3 p(g/cm ) 1.75b 2.56 C 
Table 4.4 The elastic moduli, thermal conductivities and 
density of carbon and glass fibres. The 
subscripts of the physical quantities have the 
same meaning as those for the composites. 
a. Taken from Hahn ( 1986) 
b. Taken form Bigg (1986) 
c. Taken from Hull (1981) 
66 
respectively. Therefore, if all the other parameters 
influencing these properties are kept the same, carbon 
fibres should give rise to a much larger increase in the 
tensile modulus and thermal conductivity in the direction 
, 
of preferential fibre alignment, i.e . in the mould flow 
direction. 
4.3 Fibre Orientation and Aspect Ratio 
We have examined the orientation of fibres 1n the 
surface and middle layers of four composites: PPS30cf, 
PPS40cf, PPS40gf and PEEK30cf. The general features are 
similar and so we will present the data for PPS30cf as an 
example. Figure 4.1(a) shows that the fibres 1n the 
surface layer are aligned close to the mould flow 
direction (1 axis), making an average angle <8> of about 
o 
15 with this axis. Moreover, the orientation 1S quite 
uniform with variation in the width position, indicating 
that the dominating factor 1S the horizontal surface 
(i.e. the 1-2 surface) of the mould. The shearing force 
exerted by this mould surface and the fast cooling of the 
melt lead to a high degree of fibre orientation ln the 
surface layer. In contrast, the material 1n the core 
region (width position of 5-7mm and thickness position of 
1.4-1.8mm) is not subjected to strong forces and the melt 
also has more time to relax. Therefore, the fibres are 
more randomly oriented, as exemplified by an average 
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<8> with t he width position for PPS30cf. 
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o 
angle of about 45 shown in Figure 4.1(b). However, 
drops drastically as we approach the edges of the sample 
(at width positions 1-3mm and 10-12mm), reflecting the 
shearing effects of the two vertical mould surfaces (1-3 
surfaces). 
The angular distributions of the fibres 1n Figure 
4.2 show that more than 60% of the fibres in the surface 
o 
layer lie at an angle of less than 15 from the 1 aX1S 
o 0 
and there are almost no fibres in the range of 60 -90 . 
The middle layer exhibits a broader angular distribution, 
with a significant number of fibres lying at large 
angles. From these data the cumulative fibre 
distribution F(e), 1 . e. the fractional number of fibres 
lying below an angle e, was calculated and shown 1n 
Figure 4.3. By fitting these data to the express10n In 
equation 2.33, the orientation factors A were obtained 
and given in Table 4.5. It 1S noted that A=O is for 
random fibre orientation and A=ro 1S for perfect 
alignment. Therefore, the values of A 1n Table 4.5 imply 
that the fibres in the surface layer are more highly 
oriented along the 1 axis. 
The length 1 and diameter d of a large number of 
fibres in the four composites were measured and then the 
aspect ratio lid was calculated. The number of fibres 
is plotted as a function of lid 1n Figure 4.4, showing 
that there is a wide range of aspect ratio for each 
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PPS30cf 0.243 21 4.1 1.8 
·PPS40cf 0:335 16 4.7 2.1 
PPS40gf 0.264 17 5.3 2.8 
PEEK30cf 0.244 17 3.3 2.4 
Table 4.5 The volume fraction v f ' average aspect ratio 
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composite. However, the average aspect ratio, given in 
Table 4.5, falls within the narrow range of 16-21. 
4.4 Elastic Moduli of the Composites 
4.4.1 General Features 
The nlne independent stiffnesses and the 
corresponding compliances of the composites are given ln 
Appendix A. Since the tensile and shear moduli are of 
greatest theoretical interest and practical importance, 
we will concentrate our attention on these parameters. 
Compared to the tensile and shear modulus of E 4GPa 
m 
and G - 1.43GPa for the PPS matrix, the elastic moduli 
m 
of the composites (see Table 4 . 6) are significantly 
higher, clearly revealing the reinforcing effect of the 
fibres. The longitudinal tensile modulus E and 
1 
the 
longitudinal shear modulus G have the greatest lncrease, 
6 
which result from the fact that the fibres lie in the 1-2 
plane with preferential alignment along the 1 aX1S. 
Since the surface layer has a higher degree of fibre 
orientation than the middle layer ( see Table 4.5), it has 
a higher E , 
1 
and G . 
6 
This skin-core effect 
is not significant ln glass fibre reinforced PEEK, 
indicating that the fibre orientation in these composites 
is quite uniform across the thickness. 
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SURFACE E E E G G G 
i 2 3 4- !5 6 
PPS30cf 3.3.6 6.8 6.7 1.84 2.28 3.42 
PPS40cf 36.2 6.9 6.7 1.99 2.55 3.76 
PPS30gf 14.0 6.8 6.6 2.06 2 . 17 2.72 
PPS40gf 19.0 7.2 7.0 2.40 2.52 3.12 
MIDDLE E E E G G G 
1 2 3 4 ~ 6 
PPS30cf 28.4 9.3 7.8 2.74 3.09 5.3 
PPS40cf 31.5 11.2 7.9 2.78 3.28 5.8 
PPS30gf 12.8 7.7 7.1 2.18 2.39 3.38 
PPS40gf 16.1 8.2 7.6 2.65 2.95 3.45 
. ~ 
Table 4.6 Elastic moduli, ln units of GPa, of the 
PPS-matrix composite samples. 
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SURFACE E E E G G G 
1 2 3 4 !5 6 
PEEK30cf 27.3 7.3 7.2 2.24 2.61 3.88 
, 
PEEK20gf 9.6 6.1 5.5 1.78 1.88 2.49 
PEEK30gf 13.7 7.3 6.7 2.19 2.27 2.88 
MIDDLE E E E G G G 
1 2 3 4 !5 6 
PEEK30cf 23.5 9.0 7.7 2 . 67 3.16 4.77 
PEEK20gf 9.7 6.1 5.7 1.85 2.22 2.45 
PEEK30gf 13.3 7 . 9 7.2 2.42 2.65 3.32 
Table 4.7 Elastic moduli, 1n units of GPa, of the 
PEEK-matrix composite samples. 
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Another effect of the fibre orientation 1S the 
strong anisotropy in the elastic properties. E 
1 




which in turn is slightly larger than E. 
3 Similarly, 
G ) G ) G. 
6 ~ 4 These anisotropies reflect the high 
anisotropy of the fibre. Since glass fibre 1S isotropic 
and has a lower modulus than carbon fibre, E for 
1 
glass fibre composites at similar v f is lower than 
the 
that 
of carbon fibre composites by a factor of 2 (compare the 
E values of PPS30cf and PPS40gf in Table 4.6). 
1 
Besides fibre orientation, there are two other 
factors that influence the elastic moduli: fibre volume 
fraction v f and aspect ratio lid. Tables 4.6 and 4.7 
show that, for glass fibre composites, E 1S 
1 
roughly 
proportional to v f ' but the dependence is much weaker for 
the other moduli. However, E for PPS40cf 1S only 10% 
1 
higher than that for PPS30cf although v f is more than 30% 
higher. These two composites have similar 




from the fact the PPS40cf has a much smaller aspect 
ratio (see Table 4.5). 
4.4.2 Comparison between Theory and Experiment 
For four composite samples, PPS30cf, PPS40cf, 
PPS40gf and PEEK30cf, all the relevant parameters have 
77 
been determined and so the elastic moduli can be 
calculated according to the laminate theory discussed in 
Section 2. As shown in Tables 4.8-4.11, the theoretical 
predictions and experimental results differ by less than 
15% on the average. The good agreement implies that the 
structural model we have used to describe injection 
moulded composites is reasonable and the laminate theory 
provides a satisfactory theoretical framework. 
To gain a deeper understanding of the effects of 
various parameters, we have plotted the elastic moduli as 
functions of the aspect ratio lid for PPS30cf and 
PPS40gf, and as functions of volume fraction for 
PPS40cf and PEEK30cf (Figs.4.5-4.10). Figure 4.5 shows 
that all the moduli for carbon fibre composites Increase 
with increasing lld, but the Increase IS much more 
significant for the longitudinal moduli E and G. In 
1 6 
the lid range of 10-20, E for both layers and G for the 
1 6 
middle layer increase almost linearly with lid. These 
results emphasize the importance of c hoosing suitable 
processing techniques to i ncrease the fibre aspect ratio. 
The situation is somewhat different for glass fibre 
reinforced composites (Fig.4.6). Although E 
1 
also 
increases sharply at low aspect ratio, the effect slowly 
becomes saturated above lid = 10. Therefore, an increase 
in aspect ratio from 15 to 20 leads to less than 20% 
increase in E . 
1 



















J------f -------t------r------------- -- , 
G 3. 4 2 3.92 -15 
<5 
E 28.4 23.6 17 
1 
E 9.3 9.2 1 
2 
middle 
E 7.8 6.9 12 
3 
G 5.3 5.1 4 
<5 
Table 4.8 Comparison of the experimental and theoretical 
values of the elastic moduli ( in units of GPa) 
of PPS30cf. 
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PPS4.0cf Exper. Theo . Expe r .-T h eo . x1 00% Expe r . 
E 36 . 2 38. 1 - 5 
i 
E 6 .8 
I 
7 .1 -3 
2 
su rf ac e 
E 6. 7 6 .8 - 1 
3 
G 3.76 4. 4 3 -1 8 
6 
E 31 . 5 
I 
30. 2 4 
i 





1:" 7 . 9 7. 5 5 LJ 
3 
G 5. 8 6 . 1 - 5 
6 
Table 4.8 Compa ri so n of th e e xp er im en t a l a n d the o r e t ical 
values o f th e elas tic modu l i ( in units o f GP a ) 
of PP S40 c f . 
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PPS40gf Expe r . Theo. Exper.-Theo · x100% Exper . 
E 19 . 0 15.9 16 
~ 
E 7.2 6 .8 6 
2 
su r face 
E 7.0 6.9 1 
3 





E 16 .1 14.2 12 
~ 
E 8.2 7 . 2 12 
2 
middle 
E 7. 6 7 .1 7 
3 
G 3. 4 5 3 . 2 3 6 
6 
Table 4 . 10 Compari son of t he experimen t al and t heoretica l 
values of th e e l as ti c modu li ( in units of GPa ) 
of PPS40 g r . 
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PEEK30cf Ex per. Theo. Exp~r.-Theo·x l 00 % 
...xpe r . 
- -
E 27.3 25. 1 8 
i 
; 
E 7 .3 7 . 1 3 
2 
surface 





G 3.88 4. 10 f"' -0 
6 I 
~~., 
T"' 23 . 5 4.1 0 3 1: 
i 
J 





E 7.7 6. 9 10 
3 
J 
G 4. 77 L1 ,.- -
I 
5 _ . 00 
6 
Table 4 . 11 Compar i son of th e e xpe ~ imenta l and t he o reti c a l 
values o f the elas tic mod u li ( in unit s of GPa ) 
o f PEEK 3 0 c f . 
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Figure 4.5 Variation of the elastic moduli with aspect 
ratio for PPS30cf. 
Ca) Surface layer 
Theo. 
Exper. • E 0 E 1 2 
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Cb) Middle layer 
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Figure 4.6 Variation of the elastic moduli with aspect 
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smaller. 
Next we turn our attention to the dependence 
(Fig.4.7-4.10). In the typical v f range of 0.2-0.35 for 
short carbon fibre composites, E increases 
1 
slightly 
faster than linearly with v f at all fibre orientations. 
For PPS40cf (v f = 0.34), E1 is higher than the matrix 
modulus E by a factor of 5 for fibres randomly oriented 
m 
in the 1-2 plane (A = 0) and 11 for fibres aligned in t he 
1 direction (A - 00). This is the range of enhancement we 
can expect for the tensile modulus along the mould f l ow 
direction of injection moulded bars. The orientat i on 
factor (A = 4.7) of the surface layer 1S sufficiently 
high that its E lE value of 9 is smaller than that for 
1 m 
fully aligned fibres by only 20%. At this orientation , 
E has half the value of a composite with 
1 
continuous fibres ( see Fig.4.7). 




E J E and G decrease with increasing fibre orientation. 
236 
While the change in E is small, the in-plane moduli E 
3 2 
and G decrease by a factor of about 3 as A 
6 
from 0 to 00 (see Fig . 4.8). 
lncreases 
The behaviour of PEEK30cf is similar (Figs.4.9 and 
4.10). However, the difference ln the orientation 
factors for the surface and middle layers is smaller, so 
the moduli of these two layer are closer together. 
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4.5 Thermal Conductivity of the Composites 
4.5.1 Thickness and Width Dependence of the Thermal 
Diffusivity of Composites 
The high spatial resolution (~ 0.2mm) of the 
laser-flash radiometry method allows us to investigate 
the thickness and width dependence of the thermal 
diffus~vity 0 in detai~. Figure 4.11 shows the variation 
of the diffusivities with thickness for PPS30cf at a 
width position of 6.2mm, i.e. midway between the edges of 
the tensile bar. The data lie symmetrically about the 
centre (i.e. at the thickness position of 1.6mm). At the 
top and bottom surfaces, the diffusivity along the mould 
flow direction D 15 3.5 times 
1 
higher than the 
diffusivity in the transverse direction D ) which in turn 
2 
is 30% higher than the diffusivity 1n the thickness 
direction 0 . 
3 
This strong ani50tropy again reflects the 
high fibre orientation in the surface layers. The 
anisotropy pattern D ) D ) D 1S preserved as we 
123 
move 
towards the centre, but the difference in D ,D and 0 
123 
decreases. At the centre, 0 is higher than D by 
1 2 
less 
than 70%, indicating that the fibres become more randomly 
oriented. It is noted that, 1n the skin region of 
thickness 0.7mm, the diffusivity changes by less than 5%, 
indicating a uniform fibre orientation. The core region 
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Figure 4.11 The thickness dependence of the thermal 
diffusitvity for PPS30cf at width of 6.2mm . 







The width dependences at depths of O.3mm and 1.Bmm 
are shown in Figures 4.12 and 4.13, respectively. In the 
surface layer, there is very little variation with width, 
, 
with D showing a shallow minimum and D showing a 1 2 broad 
peak near the centre (4-8mm). This behaviour implies 
that the mould surfaces at the top and bottom of the bar 
are the dominating factors while the mould surfaces at 
the two edges have little effect. 
The situation is vastly different at a depth of 
1.Bmm. Now, the top and bottom surfaces have much less 
influence and the mould surfaces at the edges induce high 
fibre orientation near the edges, but little orientation 
in the core. Therefore, the minimum in D and the 
1 





consistent with the fibre orientation distribution shown 
previously in Figure 4.1(b). There are other notable 
features. The major minimum 1n D occurs between 7 
1 
to 
8mm, not at midway between the edges, and there 1S a 
secondary minimum at 4mm. Moreover, near the edges where 
D1 has a large value (implying preferential alignment of 
fibres along the 1 direction), D and 0 exhibit 2 3 a 
cross-over. The fact that D 1S higher than D at 
3 2 
the 
edges clearly shows that the fibres now lie 1n the 1-3 
plane, thereby leading to a greater enhancement of D 
3 
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Figure 4.12 The width dependence of the thermal 
diffusitvi t y for PPS30cf at depth of O.3mm . 
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Figure 4.13 The width dependence of the t hermal 
diffusitvity for PPS30cf at depth of 1.6mm. 
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Figure 4.14 The thickness dependence of the thermal 
diffusitvity for PPS40cf at width of 6.2mm. 
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Figure 4.16 The width dependence of the thermal 
diffusitvity for PPS40cf at depth of 1.6mm. 
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Figure 4.17 The thickness dependence of the thermal 
diffusitvity f or PEEK30cf at width of 6.2mm. 
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Figure 4.19 The width dependence of the 
12 
thermal 
diffusitvity for PEEK30cf at depth of 1.6mm. 







(Figs.4.17-4.19) show similar general features, so we 
will discuss only the minor differences. Figure 4.14 
reveals that the skin region ln PPS40cf is thicker, while 
the transition and core regions are much narrower. The 
width dependence data in Figure 4.16 show two secondary 
minima symmetrically located about the central minimum. 
Like the two carbon fibre reinforced PPS 
composites, PEEK30cf shows a symmetrical thickness 
dependence for D , D and D . 
123 
Moreover, the transition 
region between the skin and core is as broad as that for 
PPS30cf. However, the width dependence 1S somewhat 
different, with D exhibiting a single broad minimum at a 
1 
width position of about 7mm. 
Since the thermal conductivity of glass fibres 1S 
much lower than the axial value for carbon fibres, the 
enhancement and orientation effects are much weaker. 
Therefore, we will not show the thickness and width 
dependence for the glass fibre reinforced composites. 
To produce a set of diffusivity data which are 
associated with the same width region (±4mm about central 
line) as the elastic modulus, we averaged the data within 
this region in the plots of the width dependence. The 
thermal diffusivity and the corresponding thermal 
conductivity values are given in Tables 4.12 and 4.13. 
The enhancement and orientation effects of the fibres on 
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SURFACE K K K 0 0 0 
1 Z 3 1 Z 3 
PPS30cf 15.2 4.31 3.29 11.5 3.26 2.49 
, 
PPS40cf 17.2 4.69 3.70 12.8 3.48 2.75 
PPS30gf 3.82 2.86 2.62 2.51 1.88 1.72 
PPS40gf 4.08 3.24 2.79 2.63 2.09 1.80 
MIDDLE K K K 0 0 0 
1 Z 3 1 Z 3 
PPS30cf 12.4 5.5 4.69 9.4 4.14 3.53 
PPS40cf 15.6 5.7 5.0 11.6 , 4.20 3.73 
PPS30gf 3.69 2.95 2.97 2.42 1.94 1.95 
PPS40gf 3.99 3.22 3.18 2.57 2.08 2.05 
Table 4.12 Thermal conductivities and diffusivities, in 
o -3 2 
units of mW/cm K and 10 cm /sec, 












K K K 
1. 2 3 
,11 . 6 4.32 3.79 
3.41 2.83 2.67 
4.25 3.15 3.18 
K K K 
1 2 3 
10.2 5.4 4.48 
3.28 2.90 2.86 
4.00 3.49 3.40 
Thermal conductivites and 
o 
units of mW/cm K 
D D D 
1 2 3 
8.2 3.05 2.67 
2.35 1.95 1.84 
2.74 2.03 2.05 
D D D 
1 2 3 
7.2 3.83 3.16 
2.26 2.00 1.97 
2.58 2.25 2.19 
diffusivities, in 
-3 2 
and 10 cm /sec, 
respectively, of the PEEK-matrix composite 
samples. 
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the thermal conductivity are similar to those on the 
tensile modulus already described in Section 4.4.1. For 
carbon fibre reinforced PPS, since the thermal 
conductivity ratios K IK = 47 
, f1 m 
similar values as the modulus 
and Kf2/Km 
ratios Ef lE 1 m 
3.4 have 
58 and 
Ef2/E = 3.5, we expect K IK and E lE to have similar 
m . 1 m 1 m 
values. Table 4.14 shows that this 1S true Slnce K IK 
1 m 
is smaller than E lE by 5-15% only. 
.1 m 
The discrepancy is 
larger for PEEK30cf, for which K IK ~ 0.7 E lE . 
.1 m .1 m 
For glass fibre reinforced composites, the thermal 
conductivity ratio 1S much smaller than the modulus 
ratio, so the enhancement in thermal conductivity is also 
much smaller. 
4.5.2 Comparison between Theory and Experiment 
Following the approach used 1n the laminate theory 
for the elastic moduli, we have developed theoretical 




respectively. The theoretical predictions are compared 
with the experimental results in Tables 4. "15 and 4.16. 
Except for the K values of PEEK30cf, 
.1 
the agreement 15 
better than 15% on the average. We have previously shown 
that E for PEEK30cf fits the theory very well ( see Table 
.1 
4.11), and so it is surprising to see that the observed 
K1 is 16-25% lower than the theoretical value. One 
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SURFACE E lE E lE E lE K IK K IK K IK 1 m Z m 3 m 1 m Z m 3 m 
PPS30cf 8.4 1.70 1.68 7.4 2.16 1.65 
PPS40cf , 9.1 1.73 1.68 8.6 2.35 1.85 
PPS30gf 3.50 1.70 1.65 1.91 1.43 1.31 
PPS40gf 4.75 1.80 1.75 2.04 1.62 1.40 
PEEK30cf 6.5 1.74 1.71 4.52 1.73 1.52 
PEEK20gf 2.29 1.45 1.31 1.36 1.13 1.07 
PEEK30gf 3.26 1 . 74 1.60 1.70 1.26 1.27 
MIDDLE E lE E lE E /E K /K K /K K /K 
1 m 2 m 3 m 1 m Z m 3 m 
PPS30cf 7.1 2.33 1.95 6.2 2.75 2.45 
PPS40cf 7.9 2.80 1.98 7.6 2.85 2.50 
PPS30gf 3.20 1.93 1.78 1.85 1.48 1.49 
PPS40gf 4.03 2.05 1.90 2.00 1.61 1.59 
PEEK30cf 5.6 2.14 1.83 3.92 2.16 1.79 
PEEK20gf 2.31 1.45 1.36 1.31 1.16 1.14 
PEEK30gf 3.17 1.88 1.71 1.60 1.40 1.36 
Table 4.14 E./E and K./K of the composites. 
\. m 1. m 
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SURFACE Exp er. Th eo. Ex per . -Theo·xlOO% Exper. 
, 
I 
K 1.5 . 2 I 13.2 13 
1 I PPS30cf 
K 4.3 1 3.64 16 
2 I 
K 17. 2 16.8 2 
1 
PPS40cf 
K 4.69 3.93 16 
2 
K 4.08 3.96 3 
1 
PPS40gf 




K 11.6 I 13.4 16 1 
PEEK30cf I ! ! 
K 4.32 4.60 -6 
2 
Table 4 . 15 Comparison of the experiment a l and 
theoret i cal values of t h er mal conduct i vities 
(in u ni t s of ~W/cm K) f or th e sur face l ayer 
of the co mp o s it es. 
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MIDDLE Exper. Theo. Exper.-Theo·x100% Exper. 
, 
K 12.4 11.5 7 
f 
PPS30cf 
K 5.5 5.3 4 
2 
K 15.1 14.7 3 
f 
PPS40cf 
K 5.7 6.1 -7 
2 
K 3.99 3.84 4 
f 
PPS40gf 
K 3.22 2.93 9 
2 
K 10.2 12.7 25 
f 
PEEK30cf 
K 5.4 5.3 2 
2 
Table 4.16 Comparison of the experimental and 
theoretical values of thermal conductivities 
o (in units of mW/cm K) for the middle layer 
of the composites. 
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possible explanation is that the kind of fibres used ln 
PEEK may have a lower axial thermal conductivity than 
those in PPS. 
Like the discussion of E and E ) we have displayed 
1 2 
the theoretical curves for K and K as functions of 
1 2 
aspect ratio lid for PPS30cf and PPS40gf) and as 
functions of fibre volume fraction v f for PPS40cf and 
PEEK30cf (Figs.4.20-4.23). For carbon fibre reinforced 
composites, the dependences of K and K 
1 2 
on lid and 
are similar to those of E and E because Kf ./K 
1 2 t m Ef ·/E t m 
as mentioned above. For glass fibre composites, slnce 
K IK «Ef/E , the enhancement effect of K is small and f m m 
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Cb) Middle layer 
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Based on the results discussed above, we can 
conclude that the elastic moduli and thermal conductivity 
of a composite depend on the corresponding properties of 
the fibre and matrix, and the volume fraction v
f
' 
ratio lid and orientation factor A of the fibres. 
aspect 
Since 
the elastic moduli and thermal conductivity of the 
polymers commonly used as matrices for composite are not 
much different, the choice of polymer matrix IS not an 
important factor when considering the enhancement of 
stiffness and thermal conductivity. Carbon fibres have a 
much higher axial stiffness and thermal conductivity than 
glass fibres and should therefore be used if we want to 
prepare a composite with high longitudinal tensile 
modulus E and thermal conductivity K . 
1 1 
An increase in the fibre volume fraction leads to 
increases in all the elastic moduli, with E 
1 
increasing 
almost linearly with v r . The longitudinal 




substantially with vr but the enhancement effect on the 
glass fibre composites is much weaker because of the low 
thermal conductivity of glass fibres~ Therefore, if we 
are willing to pay the high cost of carbon fibres, El and 





The remaining two factors affecting the elastic 
moduli and thermal conductivity may be controlled by the 
processing techniques. We have seen that all the moduli 
for carbon fibre composites increase with increasing lld, 
but the 1ncrease 1S much more significant for the 
longitudinal tensile modulus E and shear modulus G. 
1 6 
For example, E of both layers and G of middle layer of 
1 6 
PPS30cf are almost linearly proportional to lid 1n the 
range of lid = 10-20, but become saturated for lid larger 
than 20. The influence of lid on the thermal 
conductivity is similar. Therefore, it is imperative to 
optimize the conditions for compounding and injection 
moulding of the composite to give fibres with high aspect 
ratio, preferably with lid ~ 20. This seems to have been 
achieved in commercial processing since lid for all the 
composites investigated in this work lies in the range of 
16-21. 
Injection moulding also gives r1se to preferential 
fibre alignment along the mould flow direction. In the 
surface layer (about 0.7mm), the fibres lie at an average 
o 
angle of 15 with respect to the mould flow 
direction,while in the middle layer, the orientation 1S 
more random. This leads to a strong anisotropy 1n the 
elastic moduli and thermal conductivity, especially 1n 
the surface layer. 
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TABLES OF DATA 
PPS30 c f su r face PPS30 c f middle , 
C S C S 
I 
., ., 00 n 0 .288 3 2.3 I 0 . 352 ~ ....L v u .u 
I 
2 2 1 0 .0 
I 
1 . 4 6 12 .5 
I 
1 . 07 
'"')0 
O v 8.5 1. 5 0 10.5 1 .28 
44 1 . 84 5. 4 2 .7 4 
I 
3 .6 5 
I 
I 
5 5 2 . 28 4.39 3 . 0 8 3.24 









31 c::. 'I 
I 
- 0 . 08 7 5.6 
I 
- 0 . :1.21 v . ':'" 
12 6. 2 - 0.140 5 . 9 
I 
- 0 . 109 
Table Al The s tiffne ss e s C a n d compliances S ln 
m n mn 
- 1 -1 GPa and 10 ( GPa, ) 2:'especti v ely, ' .,. J;:: u nlL S O.J.. o f 
PPS30cf . 
115 
PPS40cf surface PPS40cf middle 
c s c S 
11 41.7 0.276 36.0 0.318 
22 10.8 1.45 15.1 0.89 
1.49 10.9 I 1.27 
44 1.99 5.0 2.78 3.60 
55 2.55 3.92 3.28 3.05 
66 3.76 2.66 5.8 1.72 
I 
23 6.1 I -0.78 6.3 I -0.47 
I 
31 6.2 I -0.086 6 . 4 - 0 .139 
12 '7 " I • '- -0.135 6.7 -0.083 
Table A2 The stiffnesses C and comp l iances S I n 
mn mn 
- 1 -1 













18 . 9 
11 . 4 
~ n ~ 1 v . I 
2.06 
2 . 17 
'I '7'1 
L. • I L. 
6 .5 
5 . 2 
6 . 9 
s 
0 .7 l 
1 . 4 7 
1 .50 
4 .85 
4: . 61 
3. 6 8 
I 
I 
I _ ;I ~'1 








1 - 0 . 301 
! 




1 1 'I 




6 . 6 
6 .4 
r '7 O . I 
s 
0 . 7 2 
1.30 
1 .4 1 
4.59 
4 . 18 
2 .96 
1 
I - 0 . 61 
I 
- 0 . 284 
- 0 . 275 
Table A3 Th e stiff n e ss e s C a n d co mpl i a n ces S l n 
mn mn 
uni t s of G? e. cnd lO -l ( G?a ) -l , re sp e c tiv e ly , o f 
PPS 30g: . 
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·PPS40gf surface PPS40gf middle 
c s 
11 24.7 0.52 
22 ... ')... I l.L .l. 1.38 
33 11.5 1.43 
44 2.40 4.17 
55 2.52 3.97 
66 3.12 3.21 
23 7.1 -0.72 
31 7.1 - 0 .193 
12 7.5 -0.212 
c 
















, - 0 .5 9 
I 
- 0 .227 
- 0 .22 0 
Table A4 The stiffnesses C and compliances S In 
mn mn 
- 1 -1 
units of GPa and 10 (GPa ) ) respectively) of 
PPS40gf. 
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·PEEK30cf surface PEE K30c f middle 
, 
C c C ....> S 
1 1 3 2.2 0 . 3 6 7 28. 0 O. ~2~; 
I I 
22 11 . 0 1.3 6 12. 6 1 . 11. 
I 
,..., ,..., 10 . 4 1.4 0 11 . 0 1 .2 9 00 
I 
I 
44 2. 24 4 . 4 6 2.67 3. 7 5 
55 2 .61 3. 8 3 3.16 3. 16 
66 3.88 2.58 4.77 2.10 
I I 
23 5. 8 I - 0 . 67 6.0 
I 






31 5 .9 
I 
- 0.116 6 . 2 - 0.164 
I 
I 12 6. 8 
I 
- 0 . 166 6 . 4 - 0 . 133 I 
I I 
Table A5 The s tif f ne s ses C and compli an ces S 
mn mn 
- 1 -1 
units of GP a and 10 ( GPa ) , re sp ectiv e ly , 
PEE K30 c f . 
119 
c-Ol. 
PEEK20gf surface PEEK20gf middle 
, 
C S C S 
1 1 13.9 
·1 
1 . 0 5 13.5 I 1 . 03 
I I 
22 10 . 1 1 .65 10.2 1 .64 
33 9. 1 1.83 9.4 1 .7 6 
44 1.78 5.6 1.85 
I 
5. 4 
55 1.88 5.3 2. 2 2 
I 
4.5 0 





-0. 7 7 5 .8 
1 




- 0 . 407 5 .3 I -0. 358 
I 12 5.9 - 0. 38 6 5. 6 - 0. 363 
I 
I 
Table A6 The st i ff n esses C an d com p lian ce s S In 
m n mn 
- 1 -1 
units of GPa a nd 10 (G Pa) , re spec tively, of 















C r ::; 
I 




10.4 1 .50 
2.19 I 4.57 
2.27 I 4.41 
2.88 3.47 
I 
6.0 I -0.54 
I 









11 . 8 1.27 
10.8 1.39 
2.42 I 4 .13 
2.65 3.77 
3.32 
" n o . v 




I - 0 .5 6 
O 'I'7~ - • .:- I v 
-0.2.54 
Table A7 The stiffnesses C and compliances S :n 
mn mn 
- 1 -1 
units of G?a and 10 ( GPa ) ,respectively, of 
PEEK30gf. 
121 
SURFACE Avg(2mm) Avg(8mm) Avg(12mm) 
11.7 11.5 1 1.7 
PPS30cf 3.35 3 . 26 3.16 
2.49 2.49 2.55 
12.5 12.8 12.9 
PPS40cf 3.60 3.48 3.35 
2.74 2.75 2.76 
2.51 2.51 2.51 
PPS30gf 1.91 1.88 1 .84 
1 7 ~ 
~ . , '-'-
1 '7~ 
.J.. • I ~ 1 .7 3 
2. 6 3 2.63 2.63 
PPS40gf 2 .12 2.09 2.06 
1. 8 4 1.80 1.82 
Table AB The average v a l ues of the thermal diffus i vities 
over the widt h o ~ ~ lrnm ~ ±4 mrn and ±6mm fr om t he 
central li n e ~ h e s u rf2.ce l 2.ye~ o f t he 
PPS-matri x c om p o ~ ~ ~es. 
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MIDDLE Avg ( 2mm) Avg(8mm) Avg(12mm) 
'0 1 8 . 9 9. 4 10. 4 
PPS30cf O2 4. 50 4.14 3 . 78 
0':) ,..., '(" .) • I :... 3.53 3 . 4 4 
...; 
D1 10 . 4 1 1.6 11.9 
PPS40cf 0 ..., 4. 53 4. 20 3.88 
'-
0,..., 3 . 72 3.73 3.56 
.) 
t 
0 1 2. 4 2 2 .4 2 2. 4 3 




1. 8 8 
I 
I 0') "1 0" I 1 0 h. 1 . 85 .l. . vU 
I 
..l. . V'v 
I ...; 
I 
0 1 2 . 52 I 2 . 57 2.62 I 
PPS40gf O2 2 . 15 2 . 08 2 . 01 
D3 2 . 04 2.0 5 2.04 
Table A9 The a v e rage value s of th e thermal diffu siv ities 
over ~ h e width of ~ lmmJ ~4mm and ±6mm from the 
ce nt ~ a l lin e of th e middle layer of the 
PP S- matrix composites. 
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SURFACE Avg(2mm ) Avg(8mm) Avg(12mm) 
'D 1 8.1 8 .2 8.2 
PEEK30c f D2 3 . 02 3.05 3 .00 
I 
I 
D') 2.71 2.67 2 .70 
v 
D1 2.35 2.35 2 .35 
PEE K20gf D2 2 . 00 1.95 1.90 
D3 1.8 2 1 . 84 1 . 8 3 
I 
Dl 2.74 2 . 74 2 .74 
I 
PEEK30gf D2 2 . 03 I 2.0 3 2 . 03 
I 
D~ 2 . 0 3 
I 
2 . 05 
I 
2 . 0 5 
.) 
Table A10 The average v alues of t he therma l diffu s iv it i es 
over the wi dt h of ± lmm , ±4mm and ±6rnm fr om th e 
centr al l ine of th e sur face l aye r of th e 
PEEK-matri x composites. 
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MIDDLE Avg(2mm ) Avg(8 mm ) Av g(12mm) 
, 
°1 6.3 
'7 '/ 7 .6 I • ~ 
PEE K30cf 
° 2 4 . 14 3.83 3 .56 
I 
° 3 3 . 12 3 . 16 3 . 17 
I 
°1 2 .3 0 2 . 26 2.31 
PEEK20gf D2 2 . 05 2.00 1.95 
°3 1. 96 1.97 1 . 97 





I PEE K30gf 





Tl '/ 4 ') 
I 
2.19 I '/ ,/0 U 3 ~.lv I ~ . L.':; 
I 
Table All The average v a l ues of th e therm a l d i ff usivities 
over t he wi dth of ± lmm, ±4mm and ±6mm from t h e 
central line of the mid d le 
PEE K-mat rix co mposi t es. 
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